The response of plant species to future atmospheric carbon dioxide concentrations [CO 2 ] has been determined for hundreds of crop and tree species. However, no data are currently available regarding the response of invasive weedy species to past or future atmospheric [CO 2 ]. In the current study, the growth of six species which are widely recognized as among the most invasive weeds in the continental United States, Canada thistle (Cirsium arvense (L.) Scop.), ®eld bindweed (Convolvulus arvensis L.), leafy spurge (Euphorbia esula L.), perennial sowthistle (Sonchus arvensis L.), spotted knapweed (Centaurea maculosa Lam.), and yellow star thistle (Centaurea solstitialis L.) were grown from seed at either 284, 380 or 719 mmol mol ±1 [CO 2 ] until the onset of sexual reproduction (i.e. the vegetative period). The CO 2 concentrations corresponded roughly to the CO 2 concentrations which existed at the beginning of the 20th century, the current [CO 2 ], and the future [CO 2 ] projected for the end of the 21st century, respectively. The average stimulation of plant biomass among invasive species from current to future [CO 2 ] averaged 46%, with the largest response (+72%) observed for Canada thistle. However, the growth response among these species to the recent [CO 2 ] increase during the 20th century was signi®-cantly higher, averaging 110%, with Canada thistle again (+180%) showing the largest response. Overall, the CO 2 -induced stimulation of growth for these species during the 20th century (285±382 mmol mol ±1 ) was about 3Q greater than for any species examined previously. Although additional data are needed, the current study suggests the possibility that recent increases in atmospheric CO 2 during the 20th century may have been a factor in the selection of these species.
Introduction
Invasive plants are generally recognized as those species, usually non-native for a given system, whose introduction, commonly by human transport, results in economic or environmental harm. Although the impact of such species on native plant communities is well documented (Rejmanek and Randall, 1994) , introduced plant species also present a threat to agronomic productivity. In agriculture, invasive plants out-compete crops for soil and water resources, reduce crop quality, interfere with harvesting operations, and reduce land values. The US Department of Agriculture estimates the annual productivity loss of 64 crops due to invasive or`noxious' species at $7.4 billion (USDA-NRCS, 1999) .
Of course, not all introduced plant species become invasive. What then are the characteristics associated with successful invasive species? Understanding these characteristics is crucial since, if they can be identi®ed, future invasions could be identi®ed and controlled. While attention has been given to the lack of native predators or parasites (Vitousek et al., 1996) , less work has focused on the role of the abiotic environment per se in invasions (D'Antonio and Vitousek, 1992) One aspect of the environment which is of obvious interest is global climate change. The concentration of atmospheric CO 2 has already risen 30% during the 20th century from~285 mmol mol ±1 to a current estimate of 370 mmol mol ±1 with most of the increase occurring since the 1950s (Keeling and Whorf, 2001) . The United Nations Intergovernmental Panel on Climate Change (UN-IPCC) predicts that [CO 2 ] could exceed 700 mmol mol ±1 by the end of the current century (Houghton et al., 1996) . Recent IPCC reports provide strong evidence that rising CO 2 and other trace gases could lead to a 3±12°C increase in global surface temperatures with subsequent effects on climate, although the degree of temperature/climatic change remains uncertain (Kaiser, 2001) .
While the extent of temperature increases remains speculative, there is acknowledged consensus on the direct physiological impact of increasing [CO 2 ] on plant photosynthesis and metabolism (see reviews by Stitt, 1991; Bowes, 1996) . Increasing [CO 2 ] has been shown to stimulate growth and development signi®cantly in hundreds of plant species (see Kimball, 1983; Kimball et al., 1993; Poorter, 1993 , for reviews examining the response to future CO 2 concentrations; Sage, 1995, for a review of the response to pre-industrial CO 2 concentrations).
Based on these reviews, it is clear that plant species respond differently to the ongoing increase in atmospheric [CO 2 ]. In fact, differential response of C 3 and C 4 plant species to increasing CO 2 during the 20th century has been suggested as one potential explanation for recent invasions of native C 4 grasslands in North America by woody C 3 species . However, a speci®c evaluation of growth responses among recognized invasive plant species to past, present and future CO 2 concentrations is not available.
To determine the relative extent of potential growth stimulation systematically, six widely acknowledged North American invasive weeds, Canada thistle (Cirsium arvense (L.) Scop.), ®eld bindweed (Convolvulus arvensis L.), leafy spurge (Euphorbia esula L.), perennial sowthistle (Sonchus arvensis L.), spotted knapweed (Centaurea maculosa Lam.), and yellow star thistle (Centaurea solstitialis L.) were grown from seed at either 284, 380 or 719 mmol mol ±1 [CO 2 ] until the onset of sexual reproduction (i.e. the vegetative period). These CO 2 values correspond approximately to those which existed at the beginning of the 20th century, those which exist today, and those which are predicted to occur by the end of the 21st century. Vegetative growth was considered critical since early development is a key factor in determining crop/ weed competition (Kropff and Spitters, 1991) .
Materials and methods
Seeds from six weedy species, Canada thistle, ®eld bindweed, leafy spurge, perennial sowthistle, spotted knapweed, and yellow star thistle, were grown using three controlled environmental chambers (EGC Corp., Chagrin Falls, OH, USA) with each chamber kept at one of three 24 h carbon dioxide concentrations set-points, 285, 380 or 720 mmol mol ±1 (actual [CO 2 ] values averaged on a 24 h basis through the experiment were 284T18, 380T10 or 719T6 mmol mol ±1 CO 2 ). Five to ten seeds of each species were sown in 0.6 l pots ®lled with vermiculite and were thinned to one seedling 4±6 d after emergence. For each [CO 2 ] treatment 24±26 plants of a given species were used. Pots were rotated biweekly inside the chambers and arranged to avoid shading from other plants. All pots were watered to the drip point daily with a complete nutrient solution containing 14.5 mMol m ±3 nitrogen (Robinson, 1984 With the exception of leafy spurge, leaf area was determined photometrically on all leaves at 17, 23 and 35 DAS using a leaf area meter (model 3100, Li-Cor Corp., Lincoln NE, USA). Because of the large leaf area at 54 and 60 DAS, subsamples of 10 leaves per CO 2 treatment and species were placed in moistened paper towels to prevent leaf rolling and leaf area was determined as described previously. These leaves were then dried at 65°C and total leaf area per plant and speci®c leaf weight estimated by the linear regression of leaf area to leaf dry weight (r 2 >0.91 for all species) obtained from these leaves. Because of the milky latex and the subsequent dif®culty in running leaves of leafy spurge through the leaf area meter, this technique was also used to determine total leaf area per plant for this species at 54 and 60 DAS. In addition to leaf area, dry mass was determined separately for all leaves, stems and roots at each harvest for all species and [CO 2 ] treatments after drying at 65°C for a minimum of 48 h or until dry mass was constant. Relative growth rate (RGR), net assimilation rate (NAR) and leaf area ratio (LAR) were calculated according to Jones (1983) . Because NAR is determined on a per leaf area basis, NAR of whole plants (NARp) was also determined by multiplying NAR by existing leaf area at a given harvest.
Because only three chambers were available, a randomized complete block design was used with runs over time as replications (blocks). Each chamber was assigned one of the three CO 2 treatments. At the end of a given run (i.e. 60 DAS), CO 2 treatments were randomly assigned to a given chamber and the entire experiment was repeated. The entire experiment was repeated three times, and the mean value from each run used as a single replicate. Growth characteristics, biomass and vegetative characteristics were analysed using a one-way ANOVA with CO 2 as the independent variable. To determine differences as a function of [CO 2 ] for a given species and harvest date, a Student's t-test (assuming unequal variances) was used. Unless otherwise stated, signi®cant differences for any measured parameter were determined as signi®cant at the P`0.05 level. Table 2) .
Results

Increasing
Leaf area was also signi®cantly stimulated with increasing [CO 2 ] with a greater relative increase from early 20th century to current CO 2 than from current to projected [CO 2 ] levels ( Fig. 1) . LAR in contrast, increased with decreased [CO 2 ], especially during the early part of the growing season for ®ve out of the six species (Fig. 2) . That is, at 284 mmol mol ±1 CO 2 , LAR signi®cantly increased for Canada thistle, ®eld bindweed, perennial sowthistle, spotted knapweed, and yellow star thistle between 17±35 DAS. Increased LAR for the lowest [CO 2 ] was also observed for leafy spurge at 54 and 60 DAS. The increase in LAR indicates a greater allocation to leaf production during early development for the lowest [CO 2 ] (Fig. 2) .
The CO 2 -induced stimulation of plant biomass was consistent with that observed for leaf area, with a greater relative increase from 284 to 380 than from 380 to 719 mmol mol ±1 CO 2 (Table 3) . Yellow star thistle and perennial sowthistle showed the largest absolute increase in plant biomass at 54 and 60 DAS, respectively. The smallest absolute response was observed for leafy spurge, with no signi®cant increase in biomass observed at 60 DAS between current and future [CO 2 ]. By the ®nal harvest date (i.e. either 54 or 60 DAS), signi®cant increases in leaf, stem and root weight were also observed in all species with increasing [CO 2 ], with the exception of root weight in leafy spurge ( 
Discussion
Because of the recent increase in atmospheric [CO 2 ], and its importance in plant physiology, the response of plant species to future levels of CO 2 has been the object of numerous studies (for reviews see Poorter, 1993; Kimball et al., 1993; Curtis and Wang, 1998 ; inter alia). In examining the species listed in these reviews, it is clear that a principal focus of many studies has been on commercially important species (i.e. crops and trees). Although weeds have been investigated (see Patterson, 1995 , for a review), speci®c evaluations of the growth response of recognized invasive or noxious weeds to past, present or future CO 2 concentrations are not available. The invasive species chosen for this study were taken from Skinner et al. (2000) who ranked noxious weeds from surveys of the United States and Southern Canada. (`Noxious' refers to the fact that these plants have been deemed harmful in a legal sense and not that the plants are poisonous.) Their inclusion in such a list recognizes the detrimental nature of such species and their wide-spread occurrence. Obviously a plant known to be noxious and invasive is likely to be regulated by law in order to prevent its introduction or spread into new areas. Six of the top 15 weeds determined by Skinner et al. (2000) (all C 3 species) were used in the current study. Among these, Canada thistle, is recognized as the most noxious weed, occurring on 33 noxious lists (the next closest weed, musk thistle, occurs on 24 lists) (Skinner et al., 2000) .
Relative to other species, do invasive species show a stronger or lesser response to increasing atmospheric [CO 2 ]? What is the expected response? One of the earliest attempts to integrate plant response to elevated [CO 2 ] was published by Kimball (1983) who examined 430 previous studies. Bases on his analysis he determined that the average response of plants (TSE) to future elevated CO 2 conditions was 34T6% (330±360 mmol mol ±1 for ambient versus 600±1000 mmol mol ±1 for future elevated; Kimball, 1983) . Other studies which have quanti®ed the variation in the response of plants to future [CO 2 ] show similar results (e.g. 37% for 156 plant species; Poorter, 1993 ). In the current experiment with invasive weeds, the average response after 54 DAS was~45%, similar to previously published values (Fig. 3A) . For individual weedy species, only Canada thistle (+72%) and spotted knapweed (+60%) indicate a substantially stronger than expected response to future elevated [CO 2 ] relative to the baseline devised by Kimball (1983) . The strong response to future elevated [CO 2 ] relative to current ambient levels observed for these two species is consistent with the observed stimulation of NARp (+63% and +50% for Canada thistle and spotted (Keeling and Whorf, 2001 ). Prior to 1900, [CO 2 ]¯uctuated between 180±290 mmol mol ±1 for at least 220 000 years (Barnola et al., 1987; Jouzel et al., 1993) . With respect to the recent and rapid increase in atmospheric [CO 2 ] during the 20th century, do invasive species show a stronger than expected response? In contrast to future elevated CO 2 levels, less work has integrated the response of plants to the recent increase in atmospheric [CO 2 ], even though it is recognized that leaf and plant photosynthesis can be particularly sensitive to the low [CO 2 ] concentrations of the past . This is due in part to technical considerations since it is more dif®cult to scrub CO 2 than it is to add it. Nevertheless, Sage (1995) summarized 12 studies over the range of preindustrial relative to current levels. Including only C 3 species, the estimated average relative biomass response between 270 and 380 mmol mol ±1 is approximately 29% (see Fig. 3b in Sage, 1995) . If this response is updated to include more recent reports, (i.e. wheat varieties Seri M82 and Yaqui; Mayeux et al., 1997; Albutilon theophrasti; Dippery et al., 1995; Ward et al., 1999) , the average relative growth response (TSD) is 33T11% for Fig. 2 . Leaf area ratio (LAR) determined as the ratio of existing leaf area to above-ground plant biomass at different harvest dates for six invasive weedy species, Canada thistle (Cirsium arvense), ®eld bindweed (Convolvulus arvensis), leafy spurge (Euphorbia esula), perennial sowthistle (Sonchus arvensis), spotted knapweed (Centaurea maculosa), and yellow star thistle (Centaurea solstitialis) as a function of 284, 380 and 719 mmol mol ±1 [CO 2 ]. * Indicates a signi®cant difference relative to the 284 mmol mol ±1 value for the 719 mmol mol ±1 treatment.
[CO 2 ] values between 250±270 mmol mol ±1 and 360±380 mmol mol ±1 . In the current study, the response of the six invasive weeds to recent increases in [CO 2 ] (i.e. since the beginning of the 20th century) averaged 110%. Although only a limited number of preindustrial studies are available, the responses from the current experiment are considerably higher than previously reported for any plant species over this [CO 2 ] range (Fig. 3b) . It could be argued that limitations of nutrients or water could limit the response of these species to atmospheric CO 2 in the ®eld; however, many of these species are associated with managed agronomic environments where water and nutrients would be optimal (Patterson, 1995) . For individual species, Canada thistle again showed the largest relative increase (+180%), but no species showed a relative growth increase less than 80%. There was a larger relative increase in leaf area and NARp between 284 and 380 than from 380 to 719 when averaged for all species, but the relative response of NARp, or other growth characteristics from 284 to 380 mmol mol ±1 was independ- The average relative increase (%) determined from the ratio of dry weight at elevated (719 mmol mol ±1 ), relative to ambient (380 mmol mol ±1 ) CO 2 for three experimental runs for each of six invasive weeds, Canada thistle (Cirsium arvense), ®eld bindweed (Convolvulus arvensis), leafy spurge (Euphorbia esula), perennial sowthistle (Sonchus arvensis), spotted knapweed (Centaurea maculosa), and yellow star thistle (Centaurea solstitialis) at a common harvest date of 54 DAS. Dotted line is the average response of plants as reported by Kimball (1983 (Sage, 1995) . See text for additional details. ent of the CO 2 -induced stimulation of growth observed at 54 DAS for individual species.
Why such a strong response to recent increases in atmospheric [CO 2 ]? It has been shown in numerous studies that below-ground growth can show dramatic increases with increased [CO 2 ] (Rogers et al., 1986; Bernsten and Woodward, 1992; Prior et al., 1994) . Interestingly, of the most noxious weedy species listed by Skinner et al. (2000) , many have a strong below-ground root or rhizome system (e.g. Canada thistle, purple loosestrife, ®eld bindweed, leafy spurge, Russian knapweed, whitetop, perennial sowthistle, quackgrass, dalmation toad¯ax) which can generate new stems from below-ground structures. Averaged among all species in the current experiment, below-ground biomass showed the strongest relative increase to the recent [CO 2 ] increase (+121% versus 54% for CO 2 concentrations from 284±380 versus 380± 719 mmol mol ±1 , respectively, see Table 3 ). It is possible that substantial below-ground sinks contributed to the large growth stimulation from 284 to 380 mmol mol ±1 providing a link between invasiveness and CO 2 responsiveness. However, at this time, the selection of propagation by vegetative means over¯oral reproduction remains only an intriguing possibility. The evolutionary role of increasing [CO 2 ] in the recent past cannot be fully elucidated by a single study done under growth chamber conditions for individual species. Clearly, the responses of the species considered here will vary in situ as a function of competition and environment with other factors antagonistic to the direction of selection (Etterson and Shaw, 2001) . Additional ®eld experiments to clarify the response to recent increases in [CO 2 ] are dif®cult due to technical considerations (cf. Mayeux et al., 1993) . Nevertheless, understanding the role of climate, particularly the sudden and dramatic rise in atmospheric carbon dioxide within recent decades, as a possible factor in the invasiveness of the these species deserves additional consideration. Such an assessment may be crucial in quantifying the response and potential agronomic threat posed by invasive weeds as atmospheric [CO 2 ] continues to increase.
